ABSTRACT Aims/Introduction: Poor sleep quality is associated with obesity and diabetes. The adipocyte-derived hormone, leptin, was recently shown to underlie the link between abnormal sleep and obesity. We aimed to investigate the association between leptin and sleep quality in type 2 diabetes patients. Materials and Methods: In the present cross-sectional study, we studied 182 type 2 diabetes patients, among whom 113 were diagnosed with obesity (body mass index ≥25 kg/m 2 ). Fasting plasma leptin levels were measured, and sleep architecture was assessed using single-channel electroencephalography. Results: Using unadjusted analyses, the obese type 2 diabetes patients, but not their non-obese counterparts, showed a positive correlation between plasma leptin levels and a parameter for deep sleep assessed by delta power during the first sleep cycle. Multivariate analysis showed that plasma leptin levels were positively associated with delta power, but not with the total sleep time, after adjusting for potential confounders including age, body mass index and the apnea-hypopnea index, in the obesity group. However, neither delta power nor total sleep time was associated with leptin in the non-obesity group. Conclusions: Plasma leptin levels are independently associated with sleep quality in obese, but not in non-obese, type 2 diabetes patients. The present study indicates a favorable relationship between leptin and sleep quality in obese type 2 diabetes patients.
INTRODUCTION
Insufficient sleep has been increasingly recognized to underlie the epidemic of obesity, type 2 diabetes, hypertension and cardiovascular diseases 1 . Previous studies have shown that reduced sleep duration is associated with impaired glucose and energy metabolism, obesity, and type 2 diabetes [1] [2] [3] [4] . Recent evidence has shown that poor sleep quality was associated with obesity and metabolic syndrome [5] [6] [7] [8] [9] . Several lines of evidence also show poorer sleep quality as a predictor of the risk and severity of type 2 diabetes [10] [11] [12] [13] . Furthermore, we recently reported that better sleep quality was independently associated with better glycemic control in type 2 diabetes patients 14 . However, to date, factors linking poor sleep quality and obesity in type 2 diabetes patients, independent of the relationship of obesity with obstructive sleep apnea syndrome, remain largely unknown.
Leptin, an adipocyte-derived hormone, is known to play a key role in the regulation of appetite and bodyweight 15 .
Recently, leptin has been proposed as a possible link between the risk of obesity and abnormal sleep duration and/or quality in healthy individuals 4, 16, 17 . Several observational studies have inconsistently shown a relationship between plasma leptin and sleep duration. Although studies carried out in the general population have consistently shown that lower leptin levels were associated with shorter sleep duration [18] [19] [20] [21] , those carried out in obese individuals showed an insignificant or a U-shaped association between plasma leptin and sleep duration 22, 23 . The absence of their consistent association only in obese individuals might be confounded by obesity itself or obesity-related factors, such as sleep apnea.
To our knowledge, no prior study has examined the association between leptin and sleep quality in type 2 diabetes patients, independent of body mass index (BMI) and apnea-hypopnea index (AHI), a parameter for sleep apnea 24 . In the present study, we assessed sleep architecture using single-channel electroencephalography (EEG), which provides reliable sleep staging to objectively evaluate sleep quality 25 , together with AHI measurement. We hypothesized that dysregulation of circulating leptin might be associated with poor sleep quality in obese type 2 diabetes patients independent of sleep apnea.
METHODS

Study design and participants
This was a cross-sectional study carried out at the Diabetes Center of the Osaka City University Hospital, Osaka, Japan, between October 2011 and July 2016. We consecutively enrolled 182 type 2 diabetes patients (100 men, 82 women), who had been admitted for glycemic control, education and/or evaluation of diabetic complications. Type 2 diabetes was diagnosed based on the Japan Diabetes Society criteria 26 . Patients with type 1 and other types of diabetes or those using sleeppromoting drugs were not included in this study. Obesity was defined as BMI ≥25.0 kg/m 2 . The present study was carried out in accordance with the Declaration of Helsinki (1975 Helsinki ( , revised in 2013 . The study protocol was approved by the ethics committee of Osaka City University Graduate School of Medicine (approval #308). All participants provided written informed consent before enrollment in the study.
Measurement and analysis of sleep architecture
An overnight sleep recording was carried out using a portable single-channel EEG (SLEEP SCOPE; SleepWell Co., Osaka, Japan), as we previously reported 14, 27 . Participants were placed in a single room in the hospital and were instructed to place one electrode on the forehead and another behind the ears before going to bed. The raw EEG recording was sent to SleepWell Co., and the sleep architecture data were obtained for each participant, including the total sleep time (min), rapid eye movement (REM) sleep (min), non-REM sleep (min) and delta power during the first sleep cycle 14, 27 . Based on sleep scoring criteria established by the American Academy of Sleep Medicine 28 , sleep recordings were divided into 30-s sequential periods, and manually classified into REM and non-REM sleep. Total sleep time was calculated as the total sleep period minus the time spent awake. Sleep efficiency was calculated as total sleep time divided by total sleep period. Power spectral analysis for the delta frequency band (0.5-2.0 Hz; lV 2 ), or delta power, was calculated as a marker of deep sleep 14, 27, 29 . Because sleep time and number of sleep cycles differ among individuals, delta power during the first sleep cycle was utilized for analysis in the present study 27 . At the time of EEG measurement, respiratory flow pressure, oxygen saturation and the heart rate was monitored simultaneously (SAS-2100; Nihon Koden Co., Tokyo, Japan) 14, 24 . The AHI was defined as the ratio of the number of episodes of apnea and hypopnea per hour of sleep, as described previously 14 .
Ambulatory blood pressure monitoring Non-invasive ambulatory blood pressure monitoring was carried out in a hospital setting using an automated system (TM-2431; A&D, Tokyo, Japan), as described previously 30, 31 .
Nocturnal blood pressure was defined as mean blood pressure readings during the sleep period, which was determined on the basis of written diaries recorded by participants during the ambulatory blood pressure monitoring.
Physical and laboratory analyses
Blood pressure was determined using an automatic sphygmomanometer with a conventional cuff after the participant had rested for at least 5 min. Blood was drawn after an overnight fast and biochemical parameters were analyzed using a standard laboratory method at the Central Laboratory of the Osaka City University Hospital 32 . Fresh frozen plasma samples were stored at -30°C for measurement of leptin levels, which were measured using a commercial enzyme-linked immunosorbent assay kit (R&D Systems Inc., Minneapolis, MN, USA), as described previously 32 . The minimum detectable levels of leptin was 0.16 ng/mL. The intra-and interassay coefficients of variation of leptin were 3.2 and 3.5%, respectively 32, 33 . The estimated glomerular filtration rate (eGFR) was calculated using the Japanese eGFR equation 34 . Glycated hemoglobin (HbA1c) levels were estimated in terms of National Glycohemoglobin Standardization Program equivalent values (%) using the conversion formula established by the Japan Diabetes Society 26 .
Statistical analysis
Data are expressed as the number (%) or median (interquartile range). Participants were divided into the non-obesity (BMI <25.0 kg/m 2 ) and obesity groups. Correlations were examined using the non-parametric Spearman's rank correlation test. Using multiple regression analyses for determination of each sleep-related parameter, plasma leptin level was considered an independent variable in addition to age, sex, BMI, nocturnal systolic blood pressure, eGFR, HbA1c and AHI. Plasma leptin levels were logarithmically transformed before carrying out regression analyses due to its skewed distribution. Pvalues < 0.05 were considered statistically significant. Statistical analyses were carried out using JMP 10 software (SAS Institute Inc., Cary, NC, USA).
RESULTS
Clinical characteristics of all, obese and non-obese type 2 diabetes patients Clinical characteristics of the entire study population of type 2 diabetes patients, as well as of subgroups with and without obesity are shown in Table 1 . The median age and duration of type 2 diabetes for the entire population were 61 and 10 years, respectively. We observed that 152 (84.1%), 60 (33.0%) and 81 (44.5%) out of 182 type 2 diabetes patients had been receiving antidiabetic drugs including insulin, statins for dyslipidemia and antihypertensive drugs, respectively. The median BMI was 26.7, 30.0 and 22.3 kg/m 2 for the entire population, obesity and non-obesity group, respectively. In the participants, obese patients were significantly younger and showed significantly higher diastolic blood pressure than non-obese patients. No significant difference existed between two groups of patients in terms of duration of type 2 diabetes, nocturnal systolic blood pressure, renal function, glycemic control or lipid profile.
Plasma leptin and objective sleep-related parameters in all, obese and non-obese type 2 diabetes patients As shown in Table 1 , the median plasma leptin in all type 2 diabetes patients was 6.6 ng/mL. Among the type 2 diabetes patients, the median plasma leptin was 9.9 ng/mL in the obesity group, which was significantly higher than that of 3.6 ng/ mL in the non-obesity group. Objective sleep-related parameters, such as total sleep period, total sleep time, sleep efficiency and delta power, did not differ significantly between two groups of patients. The median AHI in all type 2 diabetes patients was 10.8/h. Obese patients showed significantly higher median AHI (13.9/h) than non-obese patients (5.8/h).
Unadjusted correlations between plasma leptin and objective sleep-related parameters in all, obese and non-obese type 2 diabetes patients Next, we examined the correlation of plasma leptin with sleeprelated parameters using univariate analyses in all type 2 diabetes patients and also after separating those into two groups of patients based on the presence or absence of obesity (Table 2) . Plasma leptin was significantly and positively correlated with delta power (q = 0.193, P = 0.009), and AHI (q = 0.277, P < 0.001) in the entire population. Notably, the positive correlations of plasma leptin with delta power were preserved only in obese type 2 diabetes patients (q = 0.248, P = 0.008), but not in non-obese patients. Plasma leptin failed to correlate with AHI either in obese or non-obese patients.
Multivariate analyses of the determinants of delta power in all, obese and non-obese type 2 diabetes patients Next, multiple regression analysis was carried out to determine whether plasma leptin might associate independently with delta power in type 2 diabetes patients (Table 3) . Furthermore, to examine the influence of obesity on the association between the two parameters, multiple regression analysis was carried out separately in obese and non-obese patients. In all patients, model 1, which included age, sex, BMI, nocturnal systolic blood pressure, eGFR, HbA1c and AHI, showed age (b = -0.478, P < 0.001) and male sex (b = -0.254, P = 0.001) as independent factors that negatively associated with delta power, whereas AHI failed to associate with delta power. In model 2, which included log leptin in place of AHI, log leptin showed a significant and positive association with delta power (b = 0.268, P = 0.034). When AHI and log leptin was simultaneously included, log leptin, but not AHI, tended to associate positively Values are expressed as n (%) or median (interquartile range). P-values were determined using the v 2 -test or Wilcoxon rank-sum test for comparison between the obesity and non-obesity group. AHI, apnea-hypopnea index; BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein. 
DISCUSSION
Recent evidence has shown that sleep quality is impaired in type 2 diabetes patients 11, 12, 14 . The present study showed that plasma leptin level was positively associated with delta power during the first sleep cycle, an established marker for sleep quality 14 , only in obese type 2 diabetes patients, but not in their non-obese counterparts. Of importance, the association of plasma leptin with delta power in obese type 2 diabetes patients was independent of BMI and AHI (Table 3) . These data indicate a favorable relationship between leptin and sleep quality, even though obesity and sleep apnea have harmful effects on sleep quality in type 2 diabetes patients. Indeed, despite markedly higher BMI and AHI, delta power was not impaired in our obese type 2 diabetes patients compared with non-obese counterparts.
Several previous studies evaluated the relationship between plasma leptin levels and sleep quality, in which sleep quality was assessed by a questionnaire 20 or as sleep efficiency (percentage of time in bed spent sleeping) 21, 22 . However, all these studies failed to find a significant relationship between them [20] [21] [22] . Unlike these studies, the present study evaluated sleep quality precisely by analyzing detailed sleep architecture based on EEG recordings and was able to show, for the first time, a close relationship between plasma leptin levels and delta power during the first sleep cycle, a definite parameter for sleep quality 14, 35 . Notably, a positive association between leptin levels and delta power was found in obese type 2 diabetes patients. Our data clearly showed that BMI was inversely associated with delta power in the obesity group, consistent with previous studies showing an association between reduced sleep quality and obesity and metabolic syndrome [5] [6] [7] [8] [9] . A positive correlation was also observed between plasma leptin levels and BMI (q = 0.639, P < 0.001), consistent with leptin resistance in obesity 15 . Collectively, these findings suggest that leptin is not involved in the adverse effect of obesity on sleep quality, but rather favorably affects sleep quality in obese type 2 diabetes patients. Supportive of this finding might be the accumulated recent evidence to show that sleep restriction reduced plasma leptin levels, total sleep time and the duration of slow-wave sleep in young adults 4, 16, 17 , suggesting the relationship between decreased plasma leptin levels and poor sleep quality.
One possible explanation for the favorable relationship between leptin and sleep quality in obese type 2 diabetes patients might be that leptin plays a role in maintaining deep sleep through antagonizing the action of orexin neurons in the hypothalamus. Recent evidence from animal studies showed that the orexin neurons are activated during awake periods and need be switched off to maintain non-REM sleep, and that the activity of orexin neurons is inhibited by leptin 36, 37 . To date, no study has shown whether the development of leptin resistance , coefficient of determination. *P < 0.10, **P < 0.05, ***P < 0.01. AHI, apnea-hypopnea index; BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin. in association with obesity might affect the interaction between leptin and orexin neurons. In the present study, only obese patients, but not non-obese patients, showed a significant relationship between plasma leptin and delta power. Considering a potential biological effect of leptin to improve sleep quality as discussed above and high plasma leptin levels in obese patients, it is speculated that elevated plasma leptin levels were required to exert its effect on sleep quality. In addition, considering the inverse relationship between BMI and delta power, it is also speculated that leptin might play a role in promoting deep sleep to compensate for the adverse effect of obesity on sleep quality in obese patients.
The present study had several limitations. First, sleep architecture was evaluated using a portable single-channel EEG, which allowed us to evaluate a relatively large number of individuals, although its utility has been shown in a series of recent studies 14, 25, 27 . Second, we obtained a single determination of plasma leptin level after an overnight fast. Recent studies carried out serial measurements of leptin throughout the sleep period, and found that circulating leptin levels reached the peak during several hours after going to bed and reached the lowest trough early in the morning 16, 17 . These studies also showed that sleep restriction decreased the peak leptin levels more apparently than the mean leptin level 16, 17 . Therefore, we could expect to find the relationship between leptin and delta power during the first sleep cycle more apparently with serial leptin measurements. Third, only leptin, but not other adipokines or obesityrelated factors, was evaluated in this study. A previous study in adolescents showed that adiponectin levels were proportionally associated with sleep duration, whereas ghrelin levels were inversely associated with sleep duration 38 . Ghrelin levels were shown to be associated not only with increased appetite, but also with limited sleep duration in healthy individuals, suggesting an antagonistic relationship between ghrelin and leptin 4, 21 . Thus, simultaneous measurement of those factors would help us to characterize the factors affecting sleep quality in obese type 2 diabetes patients.
In summary, the present study showed that plasma leptin levels are independently associated with EEG delta power, a marker for sleep quality, preferentially in obese type 2 diabetes patients, and that the association between the two parameters was independent of BMI and sleep apnea. These findings suggest a specific and beneficial effect of leptin on sleep quality, possibly reflecting its direct inhibitory effect on the activity of orexin neurons. The present study further suggests a role of plasma leptin level as a marker of deep sleep and as a potential therapeutic target to improve sleep quality in obese type 2 diabetes patients. Further longitudinal studies are warranted to clarify whether intervention to increase plasma leptin might cause a beneficial impact on sleep quality in obese type 2 diabetes patients.
In conclusion, it was shown that increased plasma leptin might be associated independently with better sleep quality in obese type 2 diabetes patients.
